Lens design is a cornerstone of optical engineering education. At Rose-Hulman Institute of Technology, our implementation begins with a review of paraxial optics and system layout before moving into a theoretical treatment of monochromatic and chromatic aberration theory and image quality; small design problems presented along the way provide context and exposure to lens design software (Code V and Zemax). At the undergraduate level, pedagogical methods which focus on open-ended design/synthesis are especially important as these skills are still developing in students. To this end, a series of three design projects were recently introduced. The first project is the design of a fast photographic zoom lens. Constraints are provided for sensor format, overall length, allowable glasses, maximum number of elements, maximum distortion, and the required image quality. In the second design project, students are tasked with the design of a reflective spectrometer system utilizing off-the-shelf optics from a provided list. Design specifications are placed on the wavelength span, resolution bandwidth, input format, and module footprint. The third design project places students in the position of selecting the best design for manufacture based on the results of an inverse sensitivity analysis and Monte Carlo tolerance analysis. The results are weighed against the expected manufacturing cost. This paper details the implementation of these projects, including lessons learned, assessment methodology, and student outcomes. Anecdotally, students who successfully complete all three projects demonstrate deeper understanding of lens design and several specific topics (optimization, multiconfiguration systems, coordinate breaks, diffractive optics, and tolerancing).
INTRODUCTION
Optical lens design is the process of developing a lens system subject to given constraints, in order to meet certain performance requirements [1] [2] [3] [4] [5] . Most lens design courses focus on exact ray tracing, third-(and higher-) order aberration theory, image quality, and design of lens systems for reduced aberrations (typically with a strong emphasis on computer-aided design). These courses will often approach these subjects through a development of classical lens system designs such as the Chevalier, periscopic, Cooke triplet, Petzval, rapid rectilinear, and double Gauss lens. This approach to teaching lens design is logical in the sense that the design of lenses with increasing complexity directly supports mastery of the underlying theory. In most cases, the design experiences consists of the development of customized lens prescriptions to meet performance objectives.
While lens design courses have been implemented at both undergraduate and graduate levels, most schools offer the course at the graduate level only. At Rose-Hulman Institute of Technology (RHIT), lens design has been taught as a senior-level course for more than a decade as part of our ABET-accredited Bachelor of Science -Optical Engineering (OE) undergraduate degree program. As part of our continuous improvement cycle, feedback from program stakeholders indicated that the course could be improved by including topics beyond imaging systems, including fiber couplers, laser optics, spectrometers and optical spectrum analyzers, general laboratory systems based on commercialoff-the-shelf components, and design for manufacturability. This feedback is consistent with the observation that our graduating students are placed into a wide variety of positions in both graduate programs and industry. While most of our graduates will never need to develop a custom lens prescription for a camera, microscope, etc., almost all will continue on in the field of optics and need to design an optical system to meet a set of requirements. As a result, the RHIT OE curriculum committee revised the course, renaming it "OE 480 -Optical System Design" and placing a new emphasis on the design of general optical systems.
OE 480 is a 4 credit (meeting 4 times a week over a 10 week academic quarter) lecture-based course which is taken by Senior-level undergraduates. It is also offered as a 500-level graduate course as part of our Master of Science OE program). The course has one prerequisite, OE 280 -Geometrical Optics, in which students learn the fundamentals of paraxial optics, ray tracing, and aberrations. The course description is shown below:
OE 480 Optical System Design -Review of geometrical optics and exact ray tracing. Chromatic and monochromatic aberrations. Image quality assessment, spot size, point spread function, Strehl ratio, and modulation transfer function. Classical lens design and design of various imaging, nonimaging, and diffractive optical systems. First-order layout, computer-based optimization, tolerancing, and manufacturing considerations.
The course is divided into two halves; during the first five weeks, we review geometrical optics, introduce computerbased optimization software (Code V and Zemax -the students can select either software package to work in), and cover chromatic and monochromatic aberration theory in detail. Four homework assignments (mostly analytical but also containing a few classical lens design problems) support the lectures and two exams are given, one each in the second and fifth week of class. Beginning in the sixth week, the students begin work on the first of three design projects. Significant time is allocated for the students to work on their projects in-class; a handful of lectures provide just-in-time coverage of topics relevant to the work the students are doing on each project. For example, during the spectrometer design project, two lectures on coordinate breaks (decenters) and one lecture on diffraction gratings in Code V / Zemax are given; an additional three lecture periods are set aside for the students to work on their spectrometer in-class (giving the students ample opportunity to ask specific questions as they arise). Performance on the design projects amounts to about 50% of the total grade in the course.
Student performance on each of the design projects is assessed in one-on-one oral design reviews. Each students is required to prepare a short presentation to walk through the development of their solution with the instructor. Fifteen minutes are allotted to each student. This approach was selected for several reasons. First, by requiring an oral defense of each of their designs, each student is held individually accountable for proving that they understand their design in details. Second, the approach closely simulates (and further prepare them for) the design review process that the students are likely to encounter in industry (product designs are rarely make it through development without multiple design review meetings). Finally, for students who are unable to complete the project successfully, the approach allows the instructor to ask probing follow-up questions to help determine exactly the degree to which the student falls short. Grading rubrics are used to ensure key questions and concepts are evaluated consistently and to provide the students with a detailed understanding the letter grade they receive on each project.
The three projects from the 2014-15 academic year were as follows: 1) design of a refractive photographic zoom lens, 2) design of a reflectance grating spectrometer / monochromatic, and 3) manufacturability analysis of three contemporary lens systems using the tolerance grade mapping approach [6] . Each of these is discussed in further detail below.
DESIGN PROJECT 1 -PHOTOGRAPHIC ZOOM LENS
This project covers the design of a photographic zoom lens and represents a classic lens design problem -the students are tasked with developing the fastest (lowest F/#) custom prescription lens system that they can which meets certain constraints including field of view, effective focal length, image quality, distortion, and track length. Students are expected to select an appropriate lens form and perform the necessary calculations by hand to develop a reasonable initial design; optimization is performed in Code V or Zemax. The image quality requirement is specified as a minimum modulation transfer function (MTF) value at a certain spatial frequency. Subjective constraints are also included (noting image quality at 100 mm EFL is more important than at other zoom positions). Figure 1 depicts the project assignment which contains the objective and design constraints. Technical considerations are provided to help the students through the design process and assist them in their preparation for the oral design review. There are several expectations which are set, but not explicitly called out for in the assignment. For example, the lens is expected to be well corrected for chromatic aberrations over the wavelength range sensed by a Si CMOS detector array in typical ambient lighting conditions. This requires proper selection of multiple wavelengths, and each should be weighted appropriately.
Project 1 -Photographic Zoom Lens
You have been tasked with designing a photographic zoom lens.
Design constraints:
 The Si CMOS detector is 6.66 mm x 5.32 mm with a resolution of 1280x1024 pixels.

The overall lens length (including image distance) must be below 200 mm.
The design may use no more than three different glass types.
The lens must contain no more than four elements and a stop.  Up to two elements may be cemented doublets (six different glass elements total). 
The lens must be zoomable with effective focal length variable from 50 mm to 100 mm.
The zoom function must function by translating lens elements or groups.
No more than three elements may shift (two spacings + defocus) 
The stop diameter and F/# are allowed to vary with zoom.  Distortion must be kept below 1%. 
The desired image quality over the full field of view and all zoom settings is MTF > 0.4 at 30 cycles/mm, however the image quality for the 100 mm EFL setting is somewhat more important.
You should seek to design the fastest lens (at all zoom positions) such that the image quality is sufficiently good.
Technical considerations / questions to be ready for…  What approach did you take to the design? Did you start from a known good design and scale from there? What pre-design work did you do?  How were the technical requirements translated into constraints in CodeV?  How did your system account for the spectral response of the Si photodetector?  What have you done to ensure the lens can actually be made and mounted?  How do the mechanical requirements (spacing, apertures), image quality, and lens speed vary as the systems is zoomed?  What would a photograph taken with your lens look like at various focal length settings?  How much better could your system have been if one of these requirements were relaxed? For example, if you were allowed to use a single asphere, another element, or an additional translation in the zoom housing, how much faster could the lens have been made?  It is important to note the image quality requirement may not actually be achievable. You should be prepared to explain this and propose an alternate set of design constraints which would enable the image quality to exceed the specification. An example student design is depicted in Figure 2 . This student provided a table comparing the project constraints (requirements) and the results from their design. The field of view was set along the diagonal of the detector with maximum field point at the corner of the detector array. The system was based on a telephoto zoom lens and optimized using Code V. This particular student met all of the design requirements, and their design comprised two single elements, two doublets and an aperture serving as the system stop. This design represented the fastest among all in-spec submissions received (F/2.8, typical designs were in the F/4 to F/8 range).
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DESIGN PROJECT 2 -SPECTROMETER USING COTS COMPONENTS
The goal of the second project is to design a grating based spectrometer / monochromator using off-the-shelf components. This project is representative of the kind of design work which takes place in a general optics research laboratory. Figure 3 depicts the project assignment which contains the objective and design constraints. A list of allowable commercial components from which the spectrometer can be designed is provided, and students are not allowed to change the prescription of any component. The system must be demonstrated (in software) to meet the both a minimum wavelength range and minimum resolution bandwidth in the presence of all optical effect, including diffraction and aberrations. The design must utilize reflecting components and fit within a given footprint, which makes the use of coordinate breaks (decenters) necessary for success. The students are free to select a detection scheme -for example, some students utilized fixed optics and the linear CCD detector array while others elected to use a scanning Galvo and single-point detector. This project serves as an excellent introduction to handling diffractive elements and coordinate breaks (decenters) within the Code V and Zemax design software.
Project 2 -Grating Spectrometer / Spectrum Analyzer Using COTS Components
You have been tasked with designing a spectrometer using parts available from Thorlabs. For signal detection, you can use either a scanning galvo mirror + single element photodector or a linear detector array.
Design constraints:  Allowable components (datasheets and pricing available on Thorlabs.com) − Protected Silver Mirror -Off-Axis Parabolic -RFL 1" and 2" -Ø1/2" and Ø1" − Protected Silver Mirror -Flat -Ø1/2", Ø1", Ø2", and Ø3" − Protected Silver Mirror -Concave Spherical -EFL 12.0mm, 25.0mm, 50.0mm, 75.0mm, 100.0mm, 150.0mm, 200.0mm, and 500.0mm -Ø1/2", Ø1", Ø2", and Ø75 mm − Protected Silver Mirror -Concave Cylindrical -EFL 25.0mm, 50.0mm, 100.0mm, 200.0mm, and 400.0 mm -Ø1" − Fixed Vertical Slit -Height 3 mm -Width 5μm, 10μm, 15μm, 20μm, 30μm, 40μm, 50μm, 100μm, 150μm,and 200μm. − Mounted Pinhole -Ø5μm, Ø10μm, Ø15μm, Ø20μm, Ø25μm, Ø30μm, Ø50μm, Ø75μm, Ø100μm, Ø150μm. − Linear Si CCD Array -2048 pixel (14μm x 56μm, 14μm Pitch) − Protected Silver Single-Axis Scanning Galvo Mirror -(10 mm max beam diameter, ±20° scan) − Si Transimpedance Amplified Photodetector -3.6 mm x 3.6 mm detector size − Reflective Diffraction Grating -300/mm (8°36' blaze), 600/mm (17°27' blaze), and 1200/mm (36°52' blaze). Figure 3 . Grating spectrometer / spectrum analyzer using commercial off-the-shelf components project assignment. Design constraints (including a list of allowable components), hints, and technical considerations are provided.
Highlights from an example student submission are shown in Figure 4 . The student included a table comparing the performance of their design to the minimum requirements. This particular student was able to achieve a resolution 2X better than the requirement, over a broader wavelength range and in a much smaller footprint. Their design utilizes a 10 μm input slit and 5 μm exit slit and captures up to 0.065NA on the entrance side. This student demonstrated that the resolving capability of the system by tracing rays from the center and edge of the entrance slit, at multiple wavelengths, through the system and showing that no overlap occurs at the 10 μm exit slit of the system. The design features an offaxis parabolic mirror which serves to collimate the light from the entrance slight, a 10 mm diameter Galvo mirror which scans the incidence angle on a 1200/mm diffraction grating. A second off-axis parabolic mirror focuses the light at the exit slit of the system. Figure 5 depicts the third project: lens system evaluation using tolerance grade mapping. This project is based on the tolerance grade mapping approach by Herman et. al [6] , and serves as an excellent starting point for teaching tolerancing methods and concepts related to design for manufacturability. This project differs from the previous two in the sense that students are not designing a new lens, but rather analyzing three existing lens designs in order to compare nominal performance to ease of manufacture. The students are given three designs -a Petzval lens, an inverse telephoto lens, and a Heliar lens (see Figure 6 ); all are F/2.8 with a 25 mm effective focal length and operate with a ±10° field-of-view. In the first part of the project, the students are tasked with analyzing the lens to assess nominal performance (RMS wavefront error) and then performing an inverse sensitivity analysis on each design in order to grade the tolerances which lead to a 0.05 wave degradation of RMS wavefront error. In the second part, the students perform a Monte Carlo tolerance analysis of the Petzval lens.
DESIGN PROJECT 3 -DESIGN FOR MANUFACTURABILITY / TOLERANCING
Project 3 -Lens System Evaluation Using Tolerance Grade Mapping
You have been tasked with selecting a lens system for manufacturing. You will be analyzing three lens designs (prescriptions on the next few pages) with respect to their manufacturability by performing a tolerance analysis on each. The lenses are all F/2.8 with a 25 mm effective focal length and ±10° FOV. You will use the tolerance grade mapping approach that we discussed in class. tempro%alli'-rial0" Figure 6 . The three lens designs provided for the tolerance grade mapping project. (Top) Petzval lens taken from Laikin [5] and optimized in [6] . (Middle) Inverse telephoto lens taken from Laikin [5] and optimized in [6] . (Bottom) Heliar lens taken from Smith [2] and optimized in [6] .
Figure 7 depicts some results from one student submission. The student found that that Heliar lens had the best nominal RMS wavefront error (0.02 waves), but the inverse telephoto had overall looser manufacturing requirements for a 0.05 wave degradation. The inverse telephoto lens was shown to have no components requiring a Grade A precision level and more than 70% of the specifications could be achieved with standard process precision levels. The student found that Heliar lens was the most difficult to manufacture. This result, however, does not agree with results published in [6] (in fact, no student was able to reproduce the results reported for these three lenses in [6] ). The origin of this discrepancy has not yet been determined.
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CONCLUSION
Three design projects have been incorporated into the Optical System Design course, which is part of the B.S. Optical Engineering degree program at Rose-Hulman Institute of Technology. The first project is the design of a fast photographic zoom lens. Constraints are provided for sensor format, overall length, allowable glasses, maximum number of elements, maximum distortion, and the required image quality. In the second design project, students are tasked with the design of a reflective spectrometer system utilizing off-the-shelf optics from a provided list. Design specifications are placed on the wavelength span, resolution bandwidth, input format, and module footprint. The third design project places students in the position of selecting the best design for manufacture based on the results of an inverse sensitivity analysis and Monte Carlo tolerance analysis. The results are weighed against the expected manufacturing cost. This paper details the implementation of these projects. Anecdotally, students who successfully complete all three projects demonstrate deeper understanding of lens design and several specific topics (optimization, multiconfiguration systems, coordinate breaks, diffractive optics, and tolerancing).
